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ABSTRACT 
 
 
Seismic investigation offers subsurface information in a cost and time effective way 
compared with the geotechnical methods. The seismic data (i.e. bender element data) 
needs to be correlated with geotechnical data allowing it to be adopted in engineering 
designs. However, the procedures and analysis of bender element (BE) data can be 
subjected to crucial errors due to several limitations in the BE tools such as the 
magnitude of seismic source and frequency range. In addition, little attention had been 
paid to adopt field BE despite the other field seismic methods having low resolution 
when assessing the properties of the thin targeting layers of soil as pavement layers. 
Therefore, this research aim was to evaluate the limitations and reliability of BE 
procedure in the laboratory and the field. The research had two main stages; laboratory 
and model stages. In the laboratory stage, the BE limitations were assessed using 
homogeneous and unchanged properties of polystyrene sample instead of soil. In 
addition, various mixtures of sand-kaolin were investigated using the shear box, 
compaction and BE to obtain its empirical correlation as well as the obtained result 
was used to construct the soil model. In the model stage, the multi-thin layers model 
consisting of sand-kaolin mixtures was constructed for the purpose of suggesting the 
field BE procedure. The laboratory BE results recommended that the two sensors 
relative rotation shall be less than 50o, the position of two sensors alignment ratio 
between the horizontal and vertical distance shall be less than 0.5, and the effect of 
sample boundary occured when the ratio between the distance to sample boundary and 
the sample thickness less than 0.38. In model stage; the recommended procedure to be 
adopted in the field was via placing the BE sensors spacing less than 1 m and the BE 
crosshole method via placing the sensors at both side of the targeted layer was the best 
option. However, this method required some of the testing preparation. In conclusion, 
the BE limitations and procedures in the laboratory and field had been evaluated and 
investigated then recommended the procedures to improve the reliability of the BE 
results. 
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ABSTRAK 
 
 
 
 
Penyiasatan seismik dapat memberikan maklumat subpermukaan dengan kos dan 
masa yang efektif berbanding menggunakan kaedah geoteknikal yang konvensional. 
Data seismik diperolehi dengan kaedah unsur bender perlu dikaitkan dengan data 
geoteknik bagi membolehkan data ini diguna pakai dalam reka bentuk kejuruteraan. 
Walaubagaimanapun, prosedur dan analisa data unsur bender (BE) terdedah kepada 
kesalahan disebabkan oleh beberapa limitasi peralatan BE seperti magnitud sumber 
seismik dan julat frequensi. Tambahan pula hanya sedikit sahaja perhatian yang 
diberikan berkaitan denganpenggunaan BE di lapangan walaupun telah diketahui 
bahawa kaedah seismik konvensional menghadapi masalah resolusi yang rendah bagi 
menilai lapisan tanah yang nipis seperti lapisan turapan. Oleh yang demikian, 
matlamat kajian ini adalah untuk menilai limitasi dan kebolehpercayaan kaedah BE di 
makmal dan di lapangan. Kajian dibahagi kepada dua peringkat utama iaitu di makmal 
dan model. Di peringkat makmal, limitasi BE dinilai dengan menggunakan 
polystyrene yang homogen dan tidak berubah sifat berbanding dengan menggunakan 
tanah. Di samping itu, pelbagai campuran antara pasir dan kaolin dikaji menggunakan 
ujian ricih, pemadatan dan BE bagi mendapatkan korelasi empirikal dan menggunakan 
keputusan tersebut bagi membina model untuk kajian seterusnya. Di peingkat model, 
pelbagai lapisan tanah nipis yang terdiri dari campuran pasir dan kaolin dibina bagi 
tujuan mendapatkan prosedur BE di lapangan. Di makmal, keputusan BE 
mencadangkan kedudukan putaran relatif dua sensor mestilah kurang 50°, dan 
kedudukan nisbah jajaran dua sensor antara jarak mendatar dan menegak mestilah 
kurang 0.5, dan kesan sempadan sampel terjadi apabila nisbah jarak antara sempadan 
sampel dan ketebalan sampel kurang dari 0.38. Pada peringkat model, 
mencadangankan prosedur di lapangan adalah dengan meletakkan jarak sensor BE 
kurang dari 1 m dan menggunakan kaedah lubang silang BE dengan meletakkan sensor 
di kedua hujung lapisan yang dikaji. Walaubagaimanapun kaedah ini memerlukan 
persiapan lapangan yang lebih. Kesimpulannya, limitasi dan kaedah BE di makmal 
dan lapangan telah berjaya dinilai, dikaji dan prosedur untuk membaiki 
kebolehpercayaan keputusan BE telah dicadangkan. 
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CHAPTER 1 
 
 
 
 
 INTRODUCTION 
 
 
 
 
1.1 Background of the Study 
 
 
Both geotechnics and seismic methods have numerous approaches to measure soil 
properties. These methods are classified as field or laboratory tests (Das & Sobhan, 
2014; Reynolds, 2011). Geotechnical testing (e.g. shear box, triaxial test, and 
unconfined compression test) provides strength parameters which is used directly in 
the engineering design. While seismic methods assess geomaterial characterisations 
(e.g. seismic wave velocity) which is used to predict the design’s parameters (e.g. 
strength parameters) using empirical correlation equations (Milsom & Eriksen, 2011; 
Mayne et al., 2002). 
The seismic methods need to be improved to overcome difficulties related to 
the data quality. The seismic data is less effective in engineering design compared with 
geotechnical data (i.e. direct data) where the design parameters are predicted rather 
than measured directly (Martínez et al., 2015; Foti et al., 2014). Seismic data can be 
improved by combining the different seismic methods to avoid the weakness of 
predicted data and correlating the seismic data to the geotechnical data. The 
advantages of seismic investigation compared with the geotechnical methods include; 
(a) cost and time efficiency, (b) being a non-destructive test and non-invasive method, 
and (c) suitable for investigating areas where it is difficult to use the direct methods 
2 
due to high cost or contamination, etc. (Shokri et al., 2016; Martinho & Dionísio, 
2014). 
Seismic methods had seen rapid development in recent decades, and the range 
of their usage has broadened. For example, seismic reflection and refraction methods 
are being used in deep exploration while the surface wave methods are used in the 
shallow investigation. Both seismic reflection and refraction depend on analysing the 
body waves while the surface wave methods depend on analysis the surface waves. 
The seismic refraction, reflection and surface wave analysis methods are classified as 
field methods. While the bender element (BE) and the ultrasonic methods are used in 
the laboratory to measure the body seismic wave velocities VP and VS (i.e. primary 
and shear seismic wave velocities respectively). 
The bender element BE has been commonly used in the laboratory due to its 
simplicity, versatility, relative small sensors, the flexibility of using sensors in a 
different direction, fast, inexpensive, and non-destructive method (Valle-Molina & 
Stokoe, 2012). Despite its many advantages, several factors can nevertheless affect the 
BE data leading to pseudo results. These factors include; (a) length of sensors, (b) 
sensor alignment, (c) sensor rotation, (d) boundary condition, (e) near-field effect, (f) 
signal noise, and (g) signal damping (Moldovan et al., 2016; Karray et al., 2015). 
Although some of these parameters had been studied by previous researchers, their 
direct application had not been examined. For example, Zeng et al. (2007), Lee & 
Santamarina (2005), and Clayton et al. (2004) mentioned the effect of the sensor 
alignments and sensor rotation, but they did not provide a clear definition of the 
effective zones of these parameters. The near-field effect had been studied, but the 
results had recommended different ratios of wave path length to the wavelength (Ltt/λ) 
which questions the efficiency of the recommended ratios (Leong et al., 2009; Jovicic 
et al., 1996; Viggiani & Atkinson 1995a; Sa´nchez-Salinero et al., 1986). 
Although the bender element is used commonly in the laboratory, little 
attention had been paid to developing the usage of the bender element in the field. The 
field BE method can be useful for examining thin soil layers (e.g. compaction layers 
and pavement) where the resolution of other seismic methods was low and subjected 
to several limitations rendering its results uncertain (Castellaro et al., 2015; Everett, 
2013). Most BE field trials were applied in a single layer while field conditions are 
often multi-layer. Moreover, there is no specific definition for the boundary condition 
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effect, nor are there recommended procedures and sensor arrangements (Lee et al., 
2012; Jang et al., 2010; Kim et al., 2009; Zhou et al., 2008). 
 
 
1.2 Problem Statement  
  
 
The bender element is a non-destructive test and appears deceptively simple, but 
questions were raised about the quality of BE data which is affected by the procedure 
of positioning the transmitter and receiver sensors such as the BE sensors rotation and 
the BE sensors alignment. The sample dimension was also influenced the wave 
propagation via the boundary condition, the near and far field effect, and the seismic 
source frequency. To date, the recommended zone of positioning the transmitter and 
receiver sensors yet to define in the BE standard procedure and causes inconsistency 
in measuring the seismic wave velocity. This research assessed these factors and thus 
to improve the efficiency of laboratory bender element tests. In addition, to improve 
the quality of predicting the physical soil properties (e.g. soil strength parameters) from 
the bender element data (i.e. seismic data), both seismic and geotechnical data must be 
correlated. In this research, most of the geotechnical data such as index soil properties 
(e.g. fine content, moisture content, void ratio, and specific gravity), compaction 
parameters (e.g. maximum dry density and optimum moisture content), and soil 
strength parameters (e.g. shear strength, cohesion, friction angle, and elastic modulus) 
were correlated to the seismic data (i.e. seismic wave velocities and maximum 
modulus). 
These laboratory experiments and correlations (i.e. geotechnical and seismic 
experiments and correlations) were assisted to build simulated field condition in order 
to investigate the reliability and suggested the procedure of the bender element on the 
field. Little attention had been given to developing the application of BE in the field 
particularly at thin soil layers (e.g. thin compacted layers and pavement). The results 
of other seismic methods (e.g. seismic refraction and analysis of surface waves) can 
be uncertain due to the low resolution of the seismic data, and thus the thin investigated 
layers were hidden. The previous studies on the field BE were implemented on a single 
layer soil system while the actual field conditions are usually a multi-layer soil system. 
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Therefore, further investigation on the field BE limitations and procedures to improve 
the reliability of the field BE results on the multi-layered soil system is crucial. 
  
 
1.3 Aim and Objectives 
 
 
The aim of this research was to assess the limitations and the efficiency of the bender 
element method in both laboratory and simulated field thus improving the prediction 
of the physical soil properties. To achieve the aim of the study, four objectives guided 
the research as follows: 
• To evaluate the limitations of bender element (i.e. sensor alignment and rotation, 
boundary condition, and near-field effect). 
• To investigate the effect of index geotechnical parameters (i.e. coarse content, fine 
content, density, and moisture content) on the soil strength parameters (i.e. shear 
strength, cohesion, friction angle, and elastic modulus) and assess the interface 
between the index, compaction, and strength parameters. 
• To determine the correlations between seismic and geotechnical data. 
• To assess the reliability and procedure of the bender element method when applied 
in the field. 
 
 
1.4 Originality of the Outcomes 
 
 
The originality of this research was revealed through three significant outcomes: 
• Provided the recommended zones in the sensor rotation, sensor alignment and 
boundary effect. 
• Developed 44 empirical correlation equations between the geotechnical and 
seismic data. 
• Recommended the suitable procedure to implement the bender element in the 
field.  
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1.5 Research Scope and Limitations 
 
 
This research sought to achieve the following goals: 
• Assessing the limitation of the bender element procedures (i.e. sensors alignment, 
sensor rotation, boundary condition, and near-field effect) using polystyrene 
rather than soil samples. 
• Determining the sand-kaolin mixtures proportions that used in the laboratory 
experiments. 
• Studying the effect of coarse and fine content, density and moisture content on the 
soil strength parameters of each mixture (i.e. shear strength, cohesion, friction 
angle, and elastic modulus) and assessment of the interface between the index soil 
properties, compaction parameters (i.e. optimum moisture content and maximum 
dry density) and soil strength parameters. 
• Estimating empirical correlation equations between the seismic data (i.e. bender 
element data such as seismic wave velocities and maximum modulus) and the 
geotechnical data (i.e. fine content, shear strength, cohesion, friction angle, elastic 
modulus, optimum moisture content, and maximum dry density). 
• Determining the suitable sequence for the multi-layer system that used in the 
model by compacting and shearing soil mixtures (i.e. sand-kaolin mixtures) and 
determine the physical soil properties (e.g. shear strength, cohesion, friction angle, 
elastic modulus, optimum moisture content, and maximum dry density) then 
measuring their seismic wave velocities using bender element. 
• Simulating the multi-layer soil system according to the laboratory data then 
building the physical model with suitable sequences where the blind and hidden 
layers should be avoided. 
• Implementing the field seismic tests (i.e. seismic refraction, multi-channel 
analysis of surface waves, and bender element) to measure the seismic wave 
velocities. 
• Analysing the seismic primary wave velocity (VP) and the seismic shear wave 
velocity (VS) from seismic field methods. 
• Assessing the reliability and the procedures of bender element test in the field. 
This research was subjected to several limitations as follows: 
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• The polystyrene samples were used instead of the soil samples to assess the 
laboratory bender element procedure (refer to section 3.2.1.1). 
• The medium tank (2 m × 1 m × 0.7 m) were selected among of the small tank (1 
m × 0.5 m × 0.6 m) and large tank (2.4 m × 1.14 m × 1.2 m) due to the simulation 
results in section 3.3. 
• Both laboratory and field bender element were subjected to modify due to; (1) 
time limitation because the BE master box was damaged and consumed around 9 
months to be repaired (refer to section 3.2.3), and (2) the seismic field procedures 
were interrupted and delayed for one month (refer to section 3.3.2). 
 
 
1.6 Outline of Thesis 
 
 
Chapter 1 explained the background, problem statement, aim, objectives, scope, 
limitation of the research, and included the thesis outline. Chapter 2 reviewed the 
previous related works in the seismic and geotechnical methods and its correlations. 
Chapter 3 explained the equipment setup, procedures, and description of methods e.g. 
kaolin-sand mixtures proportions, direct shear box, standard compaction, bender 
element, seismic refraction, and multi-channel analysis of surface waves. Chapter 4 
presented the results and outcomes of the bender element procedure i.e. sensors 
alignment, sensors rotation, boundary conditions, and near-field effect. Chapter 5 
presented the investigation results of the fine content, moisture content, and density 
effects on the shear strength parameters and compaction i.e. shear strength, friction 
angle, cohesion and shear modulus, maximum dry density, and optimum moisture 
content. Chapter 6 presented the applications of the bender element on the laboratory 
and field. Chapter 7 concluded, highlighted, and briefed the research results and 
contents followed by recommendations for future works. 
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CHAPTER 2 
 
 
 
 
 SEISMIC AND GEOTECHNICAL INVESTIGATION 
 
 
 
 
2.1 Seismic Exploration  
 
 
“Seismic wave are messengers that convey information about the earth interior” 
(Robinson & Coruh, 1988, p.15). When waves propagate through the geomaterials (i.e. 
rocks and soils) its causes several actions e.g. compression, extension, and shear. 
Those activities are exhibited during medium vibration due to the propagation of 
seismic waves through geomaterials. These actions can cause either temporary or 
permanent deformation. However, to understand these deformations, basic concepts 
of these actions should be reviewed through the elasticity theory and other relative 
issues as shown in Figure 2.1. 
 
 
2.1.1 Elasticity Theory 
 
 
When the soil particles are displaced from their original positions by applying force, 
this action is called deformation. However, the reaction of material to the applied force 
depends on several parameters including nature of material, magnitude of force, and 
force direction (Das & Sobhan, 2014). According to elasticity theory, the material’s 
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response to the forces was divided into three main responses; elastic, plastic, and 
inelastic i.e. viscoelastic (Everett, 2013; Reynolds, 2011). The law of elastic 
deformation was explained in Hooke’s law “the strain in a body is proportional to the 
stress applied to it in linear relation”. The strain was defined as the partial change in 
dimension (∆h/h), and the stress σ is the applying force over unit of area F/A (see 
equation 2.1 and Figure 2.2). 
 
 
F
A
∝ 
∆h
h
 ( 2.1 ) 
 
Where F is the applying force acting on the rod in Newton, A is a cross-section 
of the rod in mm2, h is length of the rod in mm, and ∆h is the changing in length in 
mm. 
 
 
Figure 2.1: Seismic exploration sequence 
 
 
 
Figure 2.2: Strain (∆h/h) is proportional to stress (F/A) (Lowrie, 2007) 
 
Seismic exploration 
Concept Elasticity theory Seismic waves types 
Seismic data vs. dynamic strength 
Seismic methods 
What is seismic exploration? Wave propagation vs. elastic properties Body wave & surface wave 
Basic equations 
Field & laboratory 
Seismic basics 
Seismic mathematical basics 
Precautions & limitations 
Restrictions & disadvantages 
Seismic applications 
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2.1.2 Strain and Elasticity Constants 
 
 
The behaviour of strain under certain types of stress is described using elastic 
constants. There are several types of constants such as Young’s modulus, shear 
modulus, and Poisson’s ratio (Lillie, 1999). 
The shear modulus (μ), also called rigidity, describes the ability of a material 
to resist shearing i.e. change the shape without change the volume. If the material is 
subjected to tangential force, this force acts as a shear force which alters the shape of 
the material. Figure 2.3 described the shear modulus acting as a result of applying 
shear force on a cube of material. When a cube of material is undergoing tangential 
force (∆F) (stress) applied over area (A), the response (strain) is represented by the 
ratio of the displacement (∆l) to the length (l). Thus, the shear modulus equal to the 
ratio of stress to strain (equation 2.2). 
 
 μ =
stress
strain
=
∆F/A
∆l/l
  ( 2.2 ) 
  
When the material has strong resistance to shearing ∆l = 0, this material is 
classified as a very rigid material, and shear modulus is μ = ∞. In contrast, when the 
material has no resistance to shearing (e.g. water) ∆l = ∞, the material is lack rigidity; 
μ = 0 (Reynolds, 2011; Lillie, 1999). 
 
 
    
(a) Before applying the stress  (b) After applying the stress 
Figure 2.3: Shear modulus (Lillie, 1999) 
 
 
Young’s modulus (E), also called stretch modulus, refers to the behaviour of a 
rod when subjected to pull or compressed force. When a rod of material is subjected 
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to force (F) acting over the cross-sectional area (i.e. longitudinal stress), the strain is 
the ratio of changing on length (∆Lr) to the original length (Lr) as shown in Figure 2.4. 
Young’s modulus E is estimated in equation 2.3: 
 
 E =
stress
strain
=
F/A
∆Lr/Lr
  ( 2.3 ) 
 
 
     
(a) Before stress is applied   (b) After stress is applied 
Figure 2.4: Young’s modulus (Lillie, 1999) 
 
 
Poisson’s ratio (ν) is the ratio between the amount of shortening experienced 
by a cube of material in the direction of an applied compression and the expansion that 
takes place at right angles to it. Poisson’s ratio has a range for most material from 0 to 
0.5 where the value 0.5 is for a completely incompressible material and at undrained 
condition (Megson, 2014; Knappett & Craig, 2012; Lillie, 1999). Poisson’s ratio for a 
stretched rod is the ratio of transverse strain (∆W/W) to longitudinal strain (∆Lr/Lr) as 
shown in equation 2.4. Young’s modulus (E), shear modulus (G), and Poisson’s ratio 
(v) are linked through equation 2.5.  
 
 ν = - 
∆W/W
∆Lr/Lr
  ( 2.4 ) 
 G =
E
2(1 + ν)
  ( 2.5 ) 
 
Where ∆W is the amount of the decrease in width, W the original width of the 
rod. 
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2.1.3 Seismic Waves 
 
 
The seismic waves transfer the seismic energy through any medium by a process called 
wave propagation. Due to the nature of the earth layers which are heterogeneous, the 
propagation of seismic disturbance through that medium become complex, so 
simplifying assumptions are required. Initially, this medium was assumed to be 
homogeneous in a condition making modelling the earth layer easy. The amplitude of 
seismic waves decreases when the waves travel away from the source while the 
medium deforms elastically to allow vibration of this wave moving through it. 
According to Huygens’ Principle, “Every point on a wavefront can be considered to 
be a secondary source of spherical waves” (Reynolds, 2011; Gadallah & Fisher, 2009). 
Figure 2.5 showed the path for a seismic wave during the propagation. When the 
seismic energy is released through the homogeneous medium the energy would be 
divided into two parts; (a) the first part generates wave propagation through the 
medium body which called body wave and (b) the second part generates a wave 
spreading out over the interface (surface) medium which called surface wave (Lowrie, 
2007). 
 
 
 
Figure 2.5: Propagation of seismic wave (Lowrie, 2007) 
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2.1.4 Body Wave 
 
 
Body wave propagates through the internal mass of the elastic medium. The two kinds 
of seismic body wave are primary waves (P-wave) and secondary waves (S-wave). P-
wave is called primary wave because P-wave is the first arrival from earthquakes while 
S-wave arrive in the second place. In addition, P-wave is called compression wave 
because the particles vibrate in series of compressions and rarefactions, however, this 
wave is applicable in the air, water, and solid. P-wave is also called push-pull and 
longitudinal waves because particles of the material move back and forth, parallel to 
the direction of the wave is moving (Figure 2.6 and Figure 2.7). In the primary wave, 
the particle motion associated with the passage of a compression wave involves 
oscillation and is subjected to two types of force; compression and dilatation 
successively (Figure 2.7) (Lutgens & Tarbuck, 2012; Kearey et al., 2002). 
 
 
  
Figure 2.6: P-wave propagation method (Lillie, 1999) 
 
 
 
Figure 2.7: Elastic deformations and ground particle motions associated with the 
passage of primary wave P-wave (Kearey et al., 2002) 
 
 
On the other side, the secondary waves (S-wave) (i.e. shear, transverse, or 
shake waves) are generated when the particles are vibrating at right angles to the 
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direction of energy flow. Many literatures reported that the S-wave travels slower than 
P-wave (Lowrie, 2007; Gadallah & Fisher, 2005; Lillie, 1999). Moreover, the 
propagation of S-wave depends on a pure shear strain in a direction perpendicular to 
the direction of wave travel. Thus, the S-wave has no ability to vibrate in liquid or air 
because of this medium has no shear strength (Figure 2.8 and Figure 2.9). 
 
 
  
Figure 2.8: S-wave propagation method (Lillie, 1999) 
 
 
 
Figure 2.9: Elastic deformations and ground particle motions associated with the 
passage of shear wave S-wave (Kearey et al., 2002) 
 
 
2.1.5 Surface Wave 
 
 
Surface waves propagate when there is a free boundary at the medium such as surface 
earth. The disturbance caused by the seismic wave is larger at the surface and decreases 
exponentially with the depth (Everett, 2013; Reynolds, 2011). The two main types of 
surface wave are Rayleigh and Love waves. Figure 2.10 illustrated the movement 
nature of the main waves; P-wave, S-wave, Rayleigh, and Love waves. Even though 
the primary wave and secondary wave travel faster than Rayleigh and Love waves, in 
normal circumstances Rayleigh and Love waves carry more than two-thirds of the total 
seismic energy generated by a compression source and hence is converted to Rayleigh 
waves, which are the main component of the ground roll (Milsom & Eriksen, 2011).  
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Figure 2.10: Particle motions due to different types of seismic waves (Lillie, 1999) 
 
 
Rayleigh waves have a retrograde elliptical motion. At the top of the ellipse, 
particles move opposite to the direction or wave propagation. While Love waves are 
surface waves that behave like shear waves in the horizontal plane where the wave 
reflected between surface layer has higher velocities underlying layers with lower 
velocity. The Rayleigh wave produces more information than the Love wave, which 
gives the advantage to using Rayleigh waves more frequently compare with Love 
waves. In addition, Rayleigh waves are more important in engineering concept where 
the shear wave can be predicted through Rayleigh wave value (Milsom & Eriksen, 
2011; Wightman et al., 2003). 
 
 
2.1.6 Seismic Velocities 
 
 
The seismic velocities on rocks and soils are measured through the capability of the 
seismic wave to propagate through this medium at specific travel time. The particles 
of the medium (e.g. soils and rocks) are forced into oscillation by the transmitted 
energy of seismic waves. Figure 2.11 illustrated the different ways of body and surface 
waves (P-wave, S-wave, Rayleigh, and Love waves) travelling through geological 
structural and their relative velocity. For most geological materials, the Rayleigh wave 
velocity (VR) is between 0.91 to 0.955 of shear wave velocity (VS) which is about half 
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of primary wave velocity (VP). While Love wave velocity is the slowest wave among 
all four. Meanwhile, and under any condition, VS do not exceed more than 70% of VP 
(Everett, 2013; Milsom & Eriksen, 2011; Reynolds, 2011).  
It is observed that Rayleigh waves disperse with respect to the depth. The 
Rayleigh wave is subjected to cumulative change during the propagation because of 
the different frequency components travelling at different velocities. Meanwhile, 
decreasing the applied frequency leads to increase in the wavelength thus increasing 
the penetrated depth for the Rayleigh wave (Milsom & Eriksen, 2011). This dispersion 
is directly attributable to velocity variation with depth in the earth’s interior (which 
were produced by earthquake waves). The same methodology is used by applying 
active source (e.g. sledgehammer) to study near surface materials for civil engineering 
investigations. 
 
 
 
Figure 2.11: Body and surface seismic waves movement and velocities (Milsom & 
Eriksen, 2011) 
 
 
The wave velocity has many applications which express many properties of the 
soils and rocks. Figure 2.12 showed using wave velocities by correlating P-wave to 
the ripabilities in the construction of different engineering projects upon the common 
rocks. While Table 2.1 showed values of VS for common geological materials rock 
(Milsom & Eriksen, 2011). 
 
16 
 
Figure 2.12: Primary wave velocity versus ripabilities in common rocks (Milsom & 
Eriksen, 2011) 
 
 
Table 2.1: Typical shear wave velocity for some common materials  
Material VS (m/s) 
Soft mud <200 
Dry sand 300–600 
Wet sand 700–900 
Clays 500–800 
Tills 1000–1200 
Sandstone 1600–2600 
Shale 2200–2400 
Limestone 2500–3100 
Granite 3200–3800 
Basalt 3400–4000 
Source: Milsom & Eriksen (2011) 
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Many basic relationships between the different types of elastic velocities and 
elasticity parameters were solved mathematically and provided a desirable 
accessibility to estimate more engineering properties for soils and rocks. For example, 
for any elastic wave velocity (V), the square root of an elastic modulus divided by the 
square root of density (ρ) is expressing the seismic wave velocity. The P-wave was 
connected to the maximum Young’s modulus (Emax) while S-wave was connected to 
the maximum shear modulus (Gmax) (see equations 2.6 to 2.8) (Mavko et al., 2009; 
Robinson & Coruh, 1988). 
 
 VE =√
Emax
ρ
  ( 2.6 ) 
 VS =√
Gmax
ρ
 =√
E
2 ρ(1+ ν)
  ( 2.7 ) 
 VP =√
K + 4 3⁄  Gmax
ρ
 =√
E 
ρ
 [
1- ν
(1 - 2ν) (1 + ν)
]  ( 2.8 ) 
 
Where VE is the extensional wave velocity in the narrow bar, Vs is the shear 
wave velocity, Vp is the compression wave velocity, and ν is the Poisson’s ratio. 
According to equations 2.6, 2.7, and 2.8, the velocity decreased with the 
increase of the density ρ and the velocity decreased with depth (due to increasing the 
density with the depth). However, despite increasing the density with the depth, the 
velocity usually increases with the depth. That was due to the rapid increase in the 
elastic constant compared with the increase in the density. It has one exception, salt is 
the only common rock with a high velocity but a low density (Milsom & Eriksen, 
2011). 
For an elastic, isotropic, and unbounded material, seismic velocities depend on 
the elastic constants (Gmax, Emax and ν) and the density (ρ) of the material. Otherwise, 
if ρ, VP, VE, and VS of a rock or soil are known, most of the elastic constants are 
calculated using equations 2.9 to 2.14 (Murillo et al., 2011; Mavko, 2009; Robinson 
& Coruh, 1988). 
 
 Gmax = ρ Vs
2 ( 2.9 ) 
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 Emax = ρ VE
2  ( 2.10 ) 
 Emax = 
ρ VS
2(3 Vp
2
- 4Vs
2) 
Vp
2
- Vs
2
 ( 2.11 ) 
 ν = 
Vp
2
- 2Vs
2
 
2(Vp
2
- Vs
2)
 ( 2.12 ) 
 
VP 
VS
= 
Emax 
Gmax
 = 
2 (1 – ν) 
(1 - 2ν)
=√
K 
Gmax
+ 
4
3
  ( 2.13 ) 
 ν = 
[2 - (Vp/VS)2] 
2 [1- ( Vp/VS)2]
  ( 2.14 ) 
 
Where Gmax is the shear modulus for small strain stiffness, Gmax and Emax in 
MPa, VP and VS in m/s, and ρ in kg/m3. 
Many empirical correlations between the wave velocities and geotechnical 
properties were showed in section 2.9.2. 
 
 
2.1.7 Ray Path Diagrams 
 
 
The seismic wave propagation is described in terms of wavefronts, which is the surface 
where all particles vibrate with the same plane (Figure 2.13). The spread of the 
wavefront becomes a spherical shape (the wave called spherical wave). However, with 
the increment of the diameter of the spherical wave too long distance thus the 
wavefront’s spherical plane is considered a flat plan. Meanwhile, the direction of the 
wavefront propagation is called the ray path which is perpendicular to the wavefront 
plane. Milsom & Eriksen (2011) stated that “only a small part of a wavefront is of 
interest in any geophysical survey since only a small part of the energy returns to the 
surface at points where detectors have been placed. It is convenient to identify the 
important travel paths by drawing seismic rays, to which the laws of geometrical optics 
can be applied, at right angles to the corresponding wavefronts” (p. 215).  
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Figure 2.13: Wavefront and ray path (Reynolds, 2011; Kearey et al., 2002) 
 
 
 
2.1.8 Strain in Seismic Methods 
 
 
Santamarina et al. (2001) declared that when the wave propagates through the material, 
it integrates the properties of the material from the source to the receiver i.e. from shot 
point to the geophone. In other words, the wave propagation has a direct link to the 
mechanical response. While most geotechnical test dealing with a strain in relatively 
high level, the seismic methods’ measurements depend on the reaction between 
particles at the small strain level. Usually, the seismic methods do not cause permanent 
deformation (except for the earthquake) in contrast with conventional geotechnical 
methods which cause permanent deformation of the samples. Usually, the shear strain 
ratio from the seismic survey is below 0.0001% compared with the strain level higher 
than 10% for some conventional geotechnical methods e.g. shear strength and triaxial 
tests (Karl, 2005). 
 
 
2.1.9 Advantages of Seismic Methods 
 
 
The seismic methods have a wide range of applications, starting from the deep hard 
layers in the mantle and earth crust to shallow layers in the earth surface. This wide 
range gives advantages and flexibility to seismic methods to overcome many 
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restrictions (e.g. land contamination, the high cost of sampling, time limitation, and 
difficulties during the sampling) when the geotechnical methods become inapplicable 
(Foti, 2013; Matasovica et al., 2006). 
Wightman et al. (2003) briefly summarised advantages of the seismic methods 
as follows: (1) decreasing the cost by avoiding sampling; (2) investigating large area 
in relatively short time; and (3) with proper method and suitable analysis, it can gain 
useful data to be used in design particularly for highway projects. 
 
 
2.2 Seismic Methods 
 
 
The seismic methods are classified as field or laboratory methods (see Figure 2.14). 
The seismic refraction, reflection, surface wave analysis, and borehole are considered 
seismic field methods, and the main function is to measure the seismic wave velocity. 
The seismic field methods are classified further to surface methods (e.g. seismic 
refraction, seismic reflection, and surface wave analysis) and borehole methods (e.g. 
seismic crosshole, downhole, and suspension). In surface methods, seismic refraction 
(SR) and seismic reflection (SRl) methods depend on the measurement of the refracted 
and reflected body waves respectively while surface wave analysis depends on the 
measurements of the surface wave from the ground surface. The seismic borehole 
methods (BHS) measure the wave velocity at the medium between the several holes 
or a single hole e.g. seismic crosshole method and seismic downhole method 
respectively (Mok et al., 2016; Benson & Yuhr, 2015). 
The laboratory seismic methods usually involve several methods including the 
ultrasonic and bender element. The ultrasonic method is usually applied on the 
consolidated material while the bender element (BE) is applied on unconsolidated 
materials (Mavko et al., 2009).  
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Figure 2.14: Seismic methods 
 
 
2.2.1 Field Seismic Methods 
 
 
The field seismic methods are categorised in many ways, for example; (a) according 
to the target depth; it is classified as shallow or deep investigation seismic survey, and 
(b) according to the used technique, it is classified as refraction, reflection, seismic 
borehole, and analysis surface wave methods (Foti et al., 2014; Reynolds, 2011). Some 
of the field seismic methods, the interpretations, and the cautions when using these 
methods were described in brief at the following sections. 
 
 
2.2.1.1 Seismic Surface Methods 
 
 
Any acquisition of seismic data from the surface are considered as seismic surface 
methods e.g. seismic refraction, reflection, and surface wave analysis. The seismic 
reflection and refraction methods are the most used seismic methods due to their 
relationship with oil exploration. Thus, advancing these methods such as the 
development of powerful tools for acquisitions and analysis of reflection and refraction 
data. The main function for both methods is to measure the velocities of P-wave and 
Seismic methods 
Laboratory Field 
Surface Borehole Ultrasonic Bender element 
Body wave Surface wave 
Crosshole Downhole Suspension 
Refraction Reflection SASW CSW ReMi MASW 
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S-wave (Simm et al., 2014). The measurement of the VP and VS is usually used to 
predict several engineering properties (refer to section 2.1.6). 
Figure 2.15 showed a simple illustration of reflection and refraction of the 
seismic waves. According to Snell’s law (equation 2.15), both reflecting or refracting 
seismic wave’s behaviour depend on the angle of incidence wave (θi) and the 
differential in the dynamic properties of the layers e.g. elasticity modulus and density 
(Everett, 2013; Milsom & Eriksen, 2011; Lillie, 1999). 
 
 
sin θi
sin θ2
= 
V1
V2
 = sin θc  ( 2.15 ) 
 
Where θ2 is the incidence angle for the second layer, θc is the critical angle, V1 
is the velocity at first layer, and V2 is the velocity at the second layer. 
 
 
 
Figure 2.15: Reflected and refracted wave in Snell’s law 
 
 
In the last decade, the near surface exploration (i.e. surface wave analysis) had 
been used frequently. Many methods were developed to satisfy the needs of near 
surface range. The main advantage of these methods is the ability to explore the 
shallow depth (less than 100 m) with low cost compared with conventional reflection 
and refraction methods which are lower than the relative expensive borehole log 
methods. The effective depth of most surface wave methods as reported by Foti et al. 
(2014), Fabien-Ouellet & Fortier (2014), and Ayolabi & Adegbola (2014) was less 
than 30 m, while Ni et al. (2014) reported less than 27 m, Reynolds (2011) reported 
less than 20 m, and Park et al. (2002) reported less than 50 m.  
Layer 1, V1 
Layer 2, V2 V2 > V1 
Geophone Geophone 
θi θi θc θc 
θ2 θ2 
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23 
In surface wave analysis methods, passive and active sources of wave 
generators (i.e. producers) are used. If the waves come from urban activity (e.g. 
vehicles movement and drilling activities) or naturally (e.g. the wind and small 
earthquake vibrations), it accounts as a passive source. On the other hand, if the source 
under controlling (e.g. hammer, vibrator, airgun), it accounts as an active source 
(Everett, 2013; Milsom & Eriksen, 2011). 
Although the damping influences the recording data at seismic surface wave 
methods, this attenuation is considered as a guide to explain the nature of the earth 
layers (Everett, 2013; Santamarina et al., 2005). This is one of the advantages of using 
the seismic surface wave methods. 
 Milsom & Eriksen (2011) declared that “Of the two, (Rayleigh and Love 
waves) the Rayleigh waves are the most important in engineering geophysics, as their 
velocities are related to those of the shear waves in the same elastic media. The exact 
relationship depends on the Poisson ratio, approximating shear wave velocities by 
Rayleigh wave velocities, even without applying a correction factor, thus introduces 
an error of less than 10% across a range of materials”. The main function of measuring 
surface waves is to determine the Rayleigh waves which are commonly named ground 
roll. The Rayleigh wave is controlled by the function of the frequency where the low 
frequency means long wavelength and deeper penetration. Thus, controlling the 
frequency and increasing the amplitude (to improve the required energy to penetrate 
and avoid attenuation) improved the quality of acquisition data (Foti et al., 2014; 
Everett, 2013). 
Previous researchers declared that for any surface method, low frequency (i.e. 
long wavelength) of surface waves penetrated deeper into the earth and showed greater 
phase velocities, and was more sensitive to the elastic properties of the deeper layer. 
Otherwise, high frequency (i.e. short wavelength) surface waves were more sensitive 
to the physical properties of the more upper layers. For each frequency in surface wave 
methods, there was unique phase velocity for each unique wavelength. For this reason, 
each surface wave mode (e.g. fundamental and high mode) possessed a unique phase 
velocity for each unique wavelength (Foti et al., 2014; Reynolds, 2011).  
The development of analysis surface wave velocity led to the development of 
several surface wave analysis methods. These methods were described and illustrated 
as follows: 
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(1) Spectral analysis of surface waves (SASW), has one source (hammer produce 
board of frequency), a pair geophone (Figure 2.16). 
(2) Continuous surface wave (CSW), has one source (mono-frequency), a pair 
geophone (Figure 2.17). 
(3) Refraction microtremor (ReMi), has passive source, multi-geophone (Figure 
2.18). 
(4) Multi-channel analysis of surface waves (MASW), has active sources, multi-
geophone. (Figure 2.19). 
 
 
 
Figure 2.16: Spectral analysis of surface waves method (SASW) 
 
 
 
Figure 2.17: Continuous surface waves seismic method (CSW) 
 
 
 
 
Figure 2.18: Refraction Microtremor Method (ReMi) 
Active source (hammer) 
 
Geophone 
Active source (vibrator) 
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Geophone 
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